The science of rheology is increasingly used to describe the properties of fresh cement paste. Compared to standard workability tests, rheological properties allow for more fundamental investigation, more precise phenomenological description of flow properties and serve as input for numerical simulations. Standard commercially available rheometers are typically used to perform those measurements. However, the results of the measurement depend on the geometry, testing procedure and a number of potential artefacts. This technical letter describes the most common techniques and procedures used to assess the rheological properties of cement paste, as well as challenges during measurements and actions to counter these challenges.
Introduction 1
Measuring rheological properties of cement pastes is a more fundamental way of assessing fresh properties, compared to standard workability tests. However, measuring the rheological properties of these materials is not a straightforward task, and substantial care must be taken prior, during and after the measurements [1] . There are a number of difficulties arising when measuring on cement pastes: (i) The pastes contain a large number of particles, with sizes around the boundary between colloidal and noncolloidal particles [2] [3] [4] . The colloidal particles are subjected to inter-particle interactions, such as Van der Waals dispersion and electrostatic repulsion forces [3] . (ii) The pastes undergo a chemical reaction with time [2, [4] [5] , changing the rheological properties. (iii) A majority of the developed chemical admixtures are designed to either change the properties of the suspending medium, the interaction forces between the particles, or to change the rate at which the chemical reaction occurs [6] . As such, cement pastes are typically thixotropic materials with a yield stress and varying rheological properties over time. In some cases, non-linear rheological behavior can also be observed [7] [8] [9] . This technical letter informs cement paste rheologists on the most common measuring geometries, testing procedures, as well as the encountered challenges. The properties focused on are the flow curves, thixotropic and visco-elastic behavior. For pastes with a yield stress in the order of 10 3 Pa or higher, different principles than the concepts discussed in this letter apply [10] [11] [12] . This letter also only discusses cement pastes, as RILEM TC 266 is preparing a state-of-theart report on measuring the rheological properties of mortar and concrete. It should be noted that this technical letter does not reflect the opinion of the entire committee, but it is rather the vision of the authors, based on their experiences and literature.
Measuring geometries 2
In this section, the geometries most frequently used by cement paste rheologists are listed, with their advantages and disadvantages. It should be noted that all of them show one or more general challenges that are separately treated in section 4.
Concentric cylinders geometry 2.1
The concentric cylinders geometry (also referred to as "bobin-cup", "coaxial cylinders" or "Couette cell") often consists of a static cylindrical cup and a concentric rotatable cylinder [13] [14] [15] [16] (or vice-versa), as drawn in Fig. 1 . The cylinder is immersed in the partially filled cup so that the paste levels at least with the top surface of the cylinder. Over the gap width ( ) and over the length , there now appears a tangential velocity field ( ). Depending on the system settings, either stress or shear rate can be applied. To that end, one of the two cylinders also needs connection with a torque sensor that will deliver the input for stress calculations. Often, both rotation and torque measurement are integrated in the motor to which the inner cylinder is attached.
In the case of a rotating cylindrical bob, at the surface of the inner cylinder and 0 at the surface of the inner cup wall. The shear stress ( ) can then be calculated from the registered torque (T) following Eq. 1 [13] [14] [15] [16] , typically evaluated at the inner cylinder (r = R i ). The average shear rate ( ) is often calculated from Eq. 2, valid for small gaps ( ~0.99) [13] [14] [15] [16] . Eq. 2 implies a uniform velocity field which is not always the case in practice. Hence, for larger gaps, more complex transformation formulas need to be applied, such as Eq. 3, in which the slope of the torque (T) -angular velocity (Ω) relationship in a double log diagram appears [13] [14] [15] [16] . Based on the authors' experience, the gap widths for paste in cylinder-like geometries vary between 1 and 3 mm, which in most cases do not fulfill the small gap condition.
. . The advantages of the concentric cylinders geometry are: (1) For really small gaps ( ~0.99), there is constant shear rate, but a wide gap geometry also allows larger particles to be used, (2) the large measurement surface provides relatively good accuracy (steady laminar flow), (3) settling materials can be measured reasonably well [17] (see section 4.5) and (4) any surface drying has a relatively limited effect compared to other geometries. Particular disadvantages of the concentric cylinders for cement paste investigation are:
(1) The fixed gap width, unless equipment costs are not an issue, (2) the risk of slippage and plug flow, which are further elaborated in section 4 and (3) the end effects at the bottom and the top of the cylinder that need to be reduced or corrected for [18] . There are similar geometries like the conic cylinder or the recessed bottom cylinder that reduce these end effects.
The vane-cup geometry shows high resemblance to the measuring mechanism of the concentric cylinders geometry. In principle, the vane replaces the inner cylinder and is expected to collect paste in between its blades so that a virtual "cylinder of paste" rotates alongside the paste volume in the gap. For an increasing number of vane blades, the circumferential polygon approaches the circle of the inner cylinder. Calculation of the rheological properties occurs in a way analogous to the concentric cylinders. Literature shows that the vane is less likely to demonstrate wall-slip than a cylindrical bob would do in the same paste [19] . All other concentric cylinders advantages and disadvantages remain. For the end effects no easy physical solution exists, but experimental countermeasures can be considered [20] .
Parallel plate geometry 2.2
The parallel plate geometry ( Fig. 2) typically consists of two parallel circular plates with radius separated by a gap width in which the sample is contained by surface tension [13] [14] [15] [16] . Usually the upper plate is lowered upon the deposited sample, squeezing it until the preset gap width is reached. Paste excesses are subsequently trimmed manually. Literature values for the gap width are between 700 and 1000 μm, although it is still not clear what would make a value appropriate [21] . During the measurement, the upper plate rotates to create a shear velocity profile as shown in Fig. 2 . Due to the vertical dimension, the shear rate is not constant over the radius. It depends on the considered height in the squeezed sample and is calculated using Eq. 4 [13] . The shear stress can be calculated using Eq. 5, and is dependent on the shear rate [13] [14] [15] [16] .
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The advantages of the parallel plate geometry are: (1) a steady laminar flow and (2) shear rate and strain can be altered by changing the gap width ( ). The disadvantages are: (1) a non-homogeneous flow field, (2) settling can be a problem with the upper plate rotating on the fluid only, (3) surface drying at the outer sample rim and (4) the loading procedure of the sample is considerably more sensitive to system settings [22] . As an alternative to the parallel plates, a cone and plate geometry can be suggested. This has the particular advantage that the shear rate is homogenously distributed in contrast to the parallel plates [13] . However, below the central downwards facing top of the cone, the gap width is too small for cementitious particles to flow easily causing blockages and stress peaks. 
Other geometries 2.3
The popular types of geometries above illustrate the flaws and weaknesses of geometries that are also used by rheologists in other fields [16] . The creation of a laminar uniform flow field is the main challenge to allow proper calculation of the true shear stress and shear rate. A number of customized geometries is being promoted, e.g. with protruding lamellas, anchor shapes, helical ribbon combinations, etc., that are said to provide more uniform flow. For all these geometries, the shear stress and shear rate are correlated to the measured torque and to the number of revolutions by regression analysis. The resulting fitting parameters do not necessarily incorporate the actual physical shearing of suspended particles. However, these systems are still valuable when making relative comparisons in-between a batch of samples of similar composition.
Measuring procedures 3
The emphasis is now placed on the rheological characterisation of cement paste behaviour in rotational and oscillatory tests as mostly used methods. Basic approaches are provided with respect to measuring cement paste properties and performing rheological tests.
General approach 3.1
Cement pastes are yield stress fluids [2, 3, 23] , meaning that the material flow is initiated as soon as the applied stress exceeds the yield stress. Depending on the mixture proportioning and applied shear rate or shear stress, cement pastes may display shear thinning or shear thickening behaviour [2, [7] [8] [9] . The testing procedure is chosen based on the investigated material properties, i.e., steady flow, thixotropic or visco-elastic behaviour in rotational or oscillatory tests. Initially, the material response towards deformation is analysed in a series of preliminary tests. Consequently, the specific testing regime, e.g. the magnitude of the applied shear strain, shear stress, shear rate or frequency are defined. The rheological measurements are generally performed under constant temperature and relative humidity, unless these are parameters under investigation.
Steady flow properties 3.2
The steady flow properties of cement-pastes refer to viscosity and yield stress by means of so-called flow curves, as seen in Fig. 3 . The test is either performed in steps with a couple of seconds for each shear stress or shear rate increment, or in a linear fashion. Generally, either the up and down parts of the loop curve are completed, or solely the decreasing part is imposed. The downward branch is used to calculate the rheological properties depending on the applied model [24] (see section 4.1 for reasoning). Although various empirical models have been used to fit the flow curve measurements [25] [26] [27] [28] [29] , the Bingham (Eq. 6) and Herschel-Bulkley (Eq. 7) models are most widely used to estimate the rheological parameters. However, these estimates are highly dependent on the accuracy of the experimental data and rheometer specifications. 
Thixotropic behaviour 3.3
Thixotropy is generally associated with a physico-chemical phenomenon [30] [31] causing changes in shear stress at constant shear rate, or vice versa. However, flocculation and hydration occur simultaneously, so attributing build-up or breakdown solely to one of these phenomena is not straightforward. If build-up is reversible, thixotropic behaviour is observed. Permanent changes in rheological properties with time are defined as workability loss. Numerous techniques and strategies can be employed to determine the thixotropy or structural build-up (combining thixotropy with workability loss), of which the hysteresis loops and static yield stress measurements are deemed most common in literature.
The hysteresis loops shown in Fig. 3 are often applied as preliminary attempts to "quantify" the thixotropy of the material [14, [32] [33] . The entire area in between the up and down curves, and their evolution with time, is one way to assess thixotropy. Other approaches only consider a part of the area in between the up and down curves for the thixotropic index [34] . However, one must address such results rather as subjective due to high risk of inaccurate interpretation, since the area and the shape of the hysteresis loops very much depend on the testing parameters [2, [35] [36] .
An alternative technique is to apply an increasing shear strain at low or very low shear rates in the range between 10 -1 and 10
. The result is the static yield stress τ 0s , that corresponds to a critical shear strain γ C , as parameter for the thixotropic build-up of the material [37] , as shown in Figure  4 . When plotting the static yield stress values as a function of resting time, the slope (A thix ) is a strong indicator for structural buildup [30, 32] . 
Visco-elasticity 3.4
Oscillatory measurements represent an effective method to determine and describe the linear (LVE) and nonlinear viscoelastic (NVE) behaviour of cement pastes [38] [39] [40] , by monitoring the evolution of the complex modulus G* = (τ(t)/γ(t)). The storage modulus G' = (τ/γ)•cosδ (elastic response), loss modulus G" = (τ/γ)•sinδ (viscous response) and phase angle δ (tan δ = G"/G') can be determined from the oscillations (Fig. 5) .
Oscillatory tests, typically performed at a frequency of 1 Hz [31, 37, 41] , provide information about the amount of elastic energy and viscous dissipation during material flow. Stress or strain amplitude sweeps are generally used to determine the critical strain or stress of cement paste, which generally corresponds to the end of the LVE or to the onset of flow. The critical strain is typically of an order of 10 −4 [31, 37, [41] [42] [43] . In the LVE domain, the evolution of G' with time can serve as a measurement of structural build-up [31, 37] . However, exceeding the critical strain induces non-linear visco-elastic behaviour, significantly complicating the analysis [40] . 
Challenges 4
During the measurement of rheological properties of cement pastes, there are a number of challenges to take into consideration, which could lead to wrong conclusions and invalid measurements [44] . In this section, the most commonly encountered challenges, and potential strategies to counter them, are addressed.
Equilibrium conditions 4.1
This challenge mainly applies on assessing flow curves of cement pastes. For thixotropic materials, there is an equilibrium structure at each shear rate [2] [3] [4] 45] . If no equilibrium is achieved at each shear rate, the stress can be under-or over-estimated, leading to potential incorrect assessment of non-linearity of the flow curve [9, 32, 46] . This challenge may be overcome in two ways: either equilibrium is awaited for at each shear rate (supposing a stepwise measurement) [45] , or equilibrium is awaited for at the largest shear rate during the measurement [32] . The first method requires a substantially longer measuring time during which the properties can change due to hydration. The second method corresponds to imposing a reference state, corresponding to the highest shear rate [32] . Once the reference state is achieved, the measurement of the flow curve is executed quickly, limiting the impact of the buildup caused by flocculation and hydration. Hence, a majority of the measurement procedures reported in literature impose a pre-shear period at the highest desired shear rate, which is typically in the order of 10 1 -10 2 s -1
Gap width 4.2
In order to assure uniform shearing, the gap width should be small (R i /R o ~ 0.99). The largest cement particles (ca. 100 μm) tempt to get blocked between typically small gaps and disturb the homogeneous laminar flow. Often a compromise is made by setting the gap width to approximately the tenfold of the maximum particle diameter under study, reducing the accuracy of the narrow gap equations. Nonuniformity can be anticipated by testing the geometry, the measuring protocol and the calculations can be evaluated with a particle suspension of known viscosity and, if possible, by visual verification. Alternatively, the maximum particle diameter can be lowered but this is often undesirable.
Plug flow 4.3
Plug flow corresponds to a situation where the sample in the rheometer is not entirely sheared, reducing the size of the sheared domain, requiring an adjusted calculation of the rheological properties [24, 44] . This situation occurs only in concentric cylinder geometries, not in parallel plate configurations. Based on an initial value of the yield stress, the shear stress at the outer cylinder at the lowest rotational velocity can be calculated as:
Only if this stress is lower than the yield stress, iterative calculations are needed for all points in plug flow, by replacing R o with R p = √(T / 2 π τ o L), and recalculating the rheological parameters. An alternative solution is to calculate the shear rate utilizing equations for an infinite gap rheometer [47] . Observing plug flow experimentally is difficult unless the fresh paste is really stiff so that the plug can be seen after the experiment. For concrete, some work has been done such as MRI on suspensions [48] and visualizing flow on the upper surface of a concentric viscometer with white powder on the fresh, rotating surface to facilitate observation [49] . If the yield stress is larger than 10 3 Pa [50] , viscosity cannot be accurately characterized and other tools and strategies are required to obtain reliable rheological properties [10] [11] [12] .
Transformation equations 4.4
Most rheometers register torque and deflection angle as a function of time as data. Any other parameter is usually automatically calculated by the rheometer, based on transformation equations in the software typically in the shape of "shear rate = constant x velocity". As shown above, the calculation of shear rate in concentric cylinders and the calculation of shear stress in parallel plates are not straightforward. Hence, this simple transformation is not fully accurate. One can employ the rheology textbook equations [13] , but will encounter difficulties when assessing "n" (see Eqs. 3 and 5). Integration procedures (e.g. ReinerRiwlin), transforming best-fitting curve parameters (e.g. intercept with T-axis and slope) into rheological parameters (yield stress and viscosity), instead of a point-to-point transformation of T to shear stress and velocity to shear rate, are also used [44, 47, [51] [52] [53] . For static yield stress measurements, one can simply calculate the stress as τ o = T / 2 π R i 2 L in coaxial cylinders, as only a very small portion of the sample is sheared. For visco-elastic measurements, if the raw torque and strain sine curves cannot be registered, insecurity concerning the rheometer calculations must be considered.
Slip, particle migration and segregation 4.5
Slip and shear-induced particle migration are perhaps the most difficult challenges to evaluate, except if an assessment of the velocity profile can be made independently [48, 54] . Although particle migration is more prominent in concrete mixtures, it cannot be excluded for cement pastes. Migration causes a depletion of particles in the zones with the highest shear rates, which is the inner cylinder radius in coaxial cylinders, and the edge of the plates in parallel plate rheometers [55] . On top of this, slip can occur when the friction between the plate and the sample is insufficient to overcome the applied stresses. As a result, a layer with less particles is created, invalidating the measurements. Typical strategies to avoid slip and particle migration are to apply appropriate roughness to the measuring geometry: i.e. serrated surfaces, sandblasted surfaces, or sandpaper on surfaces [21] . A vane geometry can be considered an extreme case of a serrated inner cylinder. A second strategy is to perform the measurement as quickly as feasible, as particle migration needs time to progress. Reducing the maximum applied shear rate is also helpful to limit slip or particle migration during measurements. Segregation or bleeding can be another challenge, as it changes the particle volume fraction over the height of the specimen with time, especially for extended measurements on the same sample [17] .
Mixing

4.6
The effect of the sample shear history on the rheological measurements must also be considered. Intensive shearing in the mixer will impose the reference state due to mixing. Less intensive mixers allow for imposing the reference state during the first measurement in the rheometer [56] . It is important to note that the mixing intensity of the paste will also have a pronounced effect on the correlation of the rheological properties of the cement paste prepared separately to the properties of the paste mixed as part of the concrete.
Summary 5
When cement researchers use rheometers, they should know that their result will depend on their choice of protocol and tested material. This technical letter lists some of the most frequent choices that researchers can make in the field of cement paste rheometry. Unfortunately, there is no single procedure that works for all rheometers and there is no rheometer setting that works for all materials. If no standard geometry is used, one can compare measurements from the same device, but difficulties arise to derive the correct rheological properties of the paste, and relating the results with values from other researchers is not straightforward. On the other hand, even when applying a standardized geometry, there is no guarantee that the measured rheological properties are correct. A number of measuring artefacts can occur which may compromise the measurements. Therefore, it is recommended to consider as many concerns as possible listed in this technical letter and in literature.
